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Abstract

Templated electrodeposition is one of the most effective ways to prepare arrays of one-
dimensional nanostructures. The growth of the nanostructures can be monitored in situ in the course
of electrodeposition by analysing the current-time transients. However, the analysis of nonmonotonic
current behaviour corresponding to nucleation and initial growth of the nanostructures is rarely
discussed in the literature. Here, the detailed study of the initial stages of templated electrodeposition
of Au inside the pores of anodic aluminium oxide is performed. The experimental tools to visualize
the nanostructures formed in initial period are proposed based on the scanning and transmission
electron microscopy data. The observed features of deposition transients are associated with the
changes in both the morphology and grain structure of the deposit and are also affected by parallel

hydrogen evolution. The experimental observations are supported by the numerical simulations.

1. Introduction
One of the possible ways to prepare arrays of one-dimensional metallic nanostructures (e.g.,
nanorods, nanowires, and nanotubes) is templated electrodeposition [1], which combines the

advantages of template synthesis and electrodeposition technique. The diameter and spatial
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distribution of the nanostructures are determined by the structure of porous template, the length of
metal nanostructures depends on the charge passed during electrodeposition, and the microstructure
of the metal is controlled by the deposition potential [2, 3]. Porous anodic aluminium oxide (AAO) is
a conventional template for the formation of arrays of anisotropic nanostructures, being advantageous
due to the ordered arrangement of pores with a narrow size distribution [4], as well as to its high
thermal, mechanical, and chemical stability [5, 6].

In order to use dielectric AAO films as templates for controlled DC electrodeposition (here we
discuss electrodeposition under DC mode exclusively), one side of the AAO should be covered with
electron-conductive material, which acts as a current collector. The nucleation and growth of a new
phase during electrode polarization is accompanied by the appearance of a non-stationary diffusion
flow of electroactive species (e.g., metal ions) and by corresponding current decrease. In the limiting
current regime, the current-time transient is well described by the Cottrell equation [7-11]. The
diffusion front rapidly approaches the external surface of the template and moves into the bulk of the
electrolyte solution. Since the pores in the AAO are closely packed, the diffusion zones of individual
pores overlap, forming a united outer diffusion layer [12]. The AAO pore diameter is usually smaller
than 200 nm, which allows one to neglect convective mass transfer inside the pores due to viscosity
effects. However, forced or natural convection outside the template limits the thickness of the outer
diffusion layer [13]. Therefore, one can assume that linear concentration profiles are established in
the pores and in the outer diffusion layer outside the template, and electrodeposition proceeds under
a quasi-stationary mode.

The growth of metal in AAO leads to a decrease in the length of still unfilled part of the pores
and, as a consequence, to a thinning of the diffusion layer. Therefore, slow current increase is observed
in the overall time interval [11, 14, 15], excluding a short initial period discussed below. At a certain
moment some pores appear to be completely filled, and metal starts to grow on the external surface
of the template, inducing a sharp current increase. Simultaneously, the shorter nanowires that were
not in time to reach the top surface of the template, stop growing due to the screening effect [11]. As
a result, typically the total degree of AAO pore filling is significantly lower than 100%.

The analysis of current transients and, in particular, their initial parts responsible for the
nanostructures nucleation and early stages of the growth near bottom of the pores, is rarely discussed
in the literature. One of less understood features is the current maximum usually observed in several
seconds after the start of templated electrodeposition. For a number of systems [16, 17], this maximum
was associated with nucleation and analysed within the Scharifker-Hills model [18], which describes

three-dimensional diffusion-controlled nucleation on bare electrodes. However, this approach is
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guestionable because the geometry of templated electrodeposition differs significantly from that of a
planar electrode. The diffusion zones of nuclei located in the same pore start to be limited by the pore
walls at times of the order of 1 pus. Based on these considerations, the initial current increase cannot
be explained in terms of instantaneous diffusion-controlled nucleation. At the same time, current
increase is basically possible in case of progressive “activation” of the pores, i.e. if the
electrodeposition process in various pores does not start simultaneously. In addition, models of
nucleation under kinetic mode [19] can be applied. In this case the effect of template is reduced to the
change of the available electrode area.

The appearance of the current maximum can be also associated with the specific geometry of
the growing deposit at the early stages, e.g. when metal grows in the form of nanotubes [20-23].
Actually, the initial current increase can follow the increase in the surface area of a newly formed
metallic tube. Then the convergence and coalescence of the walls of the nanotube result in the decrease
of current and appearance of the maximum. The subsequent region of the steady-state current starts
when the nanotubes transform into nanowires with smaller intrinsic surface area at their edges, which
remains unchanged when wire length continues to increase. It is worth noting that if a discontinuous
metal layer is used as a current collector, the maximum in the current transient is associated with the
transition from metal growth “under the template” to the formation of nanowires [23].

We report the detailed study of the initial stages of Au templated electrodeposition inside the
pores of AAO templates. Experimental tools to visualize the bottom part of the deposited
nanostructures are proposed based on the scanning and transmission electron microscopy. We
demonstrate that metal deposition in the system under study starts from the formation of nanotubes
due to location of the sputtered current collector material on the bottom parts of the pore walls. The
observed features of deposition transients are associated with the changes in both the morphology and
grain structure of the deposit and also affected by parallel hydrogen evolution. The experimental
observations agree qualitatively with the numerical simulations predicting the transition of the

morphology of growing nanostructures from nanotubes to nanowires.

2. Experimental part

Porous AAO films were prepared by two-step anodizing of high-purity (99.99%)
electropolished aluminium foils in 0.3 M H2C204 electrolyte at a voltage of 40 V and the electrolyte
temperature of 0 °C as described elsewhere [13]. The thickness of a sacrificial AAO layer formed
during the first anodizing step was 20 um. After the second anodizing process the residual aluminium

was selectively dissolved in a mixture of CH3sOH and Br2 with a volume-to-volume ratio of 10 : 1.



Then the barrier AAO layer was etched away in 0.3 M H3POg4 using the electrochemical detection of
pore opening [24]. Once the pores were opened, additional etching was carried out to control the
porosity (p) of AAO templates. AAO films of the thickness of 35 and 50 um with p of 40 and 20%,
respectively, were used in the electrochemical experiments.

At the next step, Au current collector was formed on the bottom surface of the AAO templates
using Leybold z400 (Polifab) magnetron sputtering system. To improve gold adhesion, two-step
deposition process was applied. Initially, the chamber was pumped down to 2:10°° mbar and then
filled with Ar up to the pressure of 1.2-1072 mbar. After the cleaning of the AAO films in Ar* plasma,
a sacrificial 30-nm-thick Au layer was sputtered in the same vacuum cycle. Then the sacrificial layer
was etched away by Ar* plasma. During the second sputtering step, a continuous Au layer was formed.
The major part of the sputtered material (average thickness of 240 nm) is deposited onto the outer
surface of the AAO template, but there are no doubts that penetration of gold into the pores is
unavoidable [25].

Gold was electrodeposited in a three-electrode cell from a commercial electrolyte (purchased
from Ecomet, Russia) containing 0.05 M [Au(CN)z] " in citric buffer solution (pH = 6). The electrolyte
was continuously agitated by a magnetic stirrer. Pt wire ring parallel to the cell bottom, and a saturated
Ag/AgCl electrode were used as a counter and reference electrodes, respectively. The deposition was
carried out at a constant deposition potential of —1 V (here and below the electrode potentials are
reported vs. saturated Ag/AgCI electrode). The reported currents are normalized to the geometric
surface area of the electrode, 0.25 cm?, independently of AAO porosity. The electrochemical
measurements were carried out using Autolab PGSTAT100N (Metrohm) potentiostat. The current
efficiency of the electrodeposition was estimated gravimetrically using GR-202 (AND) analytical
balance with 0.1 mg accuracy.

The morphology of the Au/AAO nanocomposites was studied using a scanning electron
microscope (SEM) Supra 50 VP (LEO). Prior to SEM investigations 5-nm-thick Cr layer was
deposited on the surface of the samples by magnetron sputtering. To visualise the bottom surface of
the nanocomposites, the external part of the current collector was etched away in Ar* plasma.

Transmission electron microscopy (TEM) was carried out using a Tecnai Osiris microscope
(FEI). The cross-section lamella of specimens for TEM was fabricated by focused ion beam (FIB)
using a dual beam Helios Nano Lab 600i microscope (FEI). Pt layer was sputtered onto the sample

surface to prevent its etching during the process of the lamella preparation.



3. Simulation

The discharge of [Au(CN)z]™ at low overpotentials can be complicated by the formation of
adsorbed intermediates [26-29]. Formal potential of —0.605 V was reported for [Au(CN)2] /Au [27],
equilibrium potential can be estimated as —0.72 V. This means that we are dealing with deposition at
rather high overpotentials of 0.28 — 0.4 V, therefore, more simple reaction pathway can be considered.
The developed model of templated deposition assumes electron transfer and the preceding diffusion
steps, not complicated by migration and adsorption steps. It is assumed that the deposition under
mixed mode occurs at the metal/electrolyte interface following the Tafel law, and the current density

can be presented in terms of the kinetic length [14]:
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where 6, = Fjﬁexp (%) is the kinetic length, c* is the bulk concentration of the gold reagent, c® is
0

its interfacial concentration, D is the diffusion coefficient, io is the exchange current density. The
kinetic length (which plays a role of additional diffusion length) is a value of the distance dimension,
which depends on the kinetic parameters and reflects the contribution of electron transfer step [30]. If
O, tends to zero, the reaction occurs under diffusion mode. This kinetic length is convenient for the
analysis of deposition in nanopores as, in fact, it is an effective diffusion length when summed with
the thickness of the template and of the outer diffusion layer [11, 12, 14, 31].

Thus, the boundary conditions at the gold surface were assumed to be the electrodeposition
reaction associated with the Tafel kinetics (Eq. 1) and the bulk reagent concentration at the mouth of
the pore c*. The outer diffusion layer is usually thicker than the template itself and significantly affects
ions transport in the nanopore [12, 13]. To consider the presence of the outer diffusion layer, the length
of the pore was assumed to be 120 pum.

The initial concentration distribution in the pore was assumed to be the same as in the bulk.
The initial electrodeposition region was taken as the bottom of the pore and a specific cylindrical
region with a height A. On the nanopore walls free from sputtered metal, no deposition was supposed
due to insulating walls surface. Single pore was simulated assuming that all pores are identical, and
the growth of the Au phase starts simultaneously in all pores. These simplifications are necessary at
this stage to identify the role of gold at the walls in frames of more transparent model.

Changes in the gold/electrolyte boundary are taken into account using the level-set method

[32, 33]. The calculations were carried out in the COMSOL Multiphysics package using cylindrical



coordinates to simulate two-dimensional diffusion fluxes. The parameters used for the simulations are

summarized in Table 1.

Table 1. Parameters used for the simulations.

Parameter Value
Diffusion coefficient, D, [cm?-s7!] 10°°
Bulk concentration, ¢*, [mol-17] 0.05
Kinetic length, ok, [um] 0.1-15
Pore diameter, dp, [nm] 50

Initial height of the deposition cylindrical | dp —4dp
region, H, [nm]

Effective length of model, [um] H+ 120
Metal density, [kg-m~] 19300
Metal molar mass, [kg-mol™] 0.197

4. Results and discussion

For preliminary characterization of the kinetics of gold templated electrodeposition, cyclic
voltammograms were recorded at various solution stirring rates (Fig. 1). At potentials more positive
than —0.9 V, the current density shows minimal sensitivity to external stirring, suggesting mostly
kinetic control of electrodeposition. At more negative potentials, current density increases rapidly
with overpotential and pronounced dependence on the stirring rate is observed. Within the range of E
< —1.3 V current density increase slows down. This behaviour is likely due to the partial blocking of
pores and/or the external surface of the template by hydrogen bubbles generated by side reaction of
HsO* reduction.

It is worth noting that a current shoulder is observed in the voltammogram at the potential of
—1.15 V. It looks less pronounced due to the background current of hydrogen generation. This side
reaction considerably reduces the current efficiency of gold electrodeposition. For instance, already
at the potential of —1 V, the current efficiency is (49.3 + 0.5)%. In the vicinity of the shoulder the
current density depends on the rate of solution stirring, suggesting a possible transition of gold
electrodeposition to the diffusion regime. To estimate the limiting diffusion current density of gold
electrodeposition, the following equation can be used [34, 35]:
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Figure 1. Cyclic voltammograms (CVA) for Au electrode covered with 50 um-thick AAO template

(p = 20%) recorded in 0.05 M [Au(CN)2]" solution in citric buffer (pH = 6) at the scan rate of 20

mV/s and various stirring rates of electrolyte. The third cycle for each CVA curve is presented.
where ¢ and p are the thickness and porosity of the template (50 um and 20%, respectively), F is the
Faraday constant (96485 C/mol), ¢ is the thickness of the outer diffusion layer (estimated as 200 um
based on the diffusion current of copper templated electrodeposition in the pores of an identical
template conducted in the same cell at a stirring rate of 400 rpm). Assuming the diffusion coefficient
to be 1.67 - 10~° cm?-s71 [26], according to the Equation 2, limiting diffusion current density for AAO
sample presented in Fig.1 equals to —1.8 mA/cm? (per geometric area), which aligns with the observed
current density at the potential of —1.15 V, considering the current efficiency. Hence, it can be
concluded that the shoulder manifests the limiting diffusion current.

The potential of —1 V was selected to achieve a relatively high rate of metal growth while
maintaining a moderate rate of hydrogen generation. According to the literature, at this relatively high
overpotential, gold electrodeposition predominantly occurs via the direct transfer of electron to the
[Au(CN)2] anion [26, 28]. Figure 2 presents the current-time transients of two consecutive templated
gold electrodepositions into the same AAO template. After a rapid decrease in current during the
initial few seconds period of the first deposition, one can see a current growth followed by a maximum
at ca. 20 s. Subsequently, the current density gradually decreases and reaches a steady state only after
~200 s from the start of the first electrodeposition (red curve in Fig. 2). The second electrodeposition

was carried out into the same template after five minutes delay under open circuit conditions. In this



case, no specific transient features were observed (blue curve in Fig. 2): the current demonstrated a
stationary value, the same as observed at the end of the first deposition.

The initial current decrease can be attributed to a decrease in the interfacial reagent
concentration, whereas the nature of the maximum is less evident. Formally, it looks similar to the
nucleation maximum typical for metals deposition on the plane electrode [36]. According to the
Cottrell equation, diffusion zones in a single pore with a diameter of 70 nm should overlap in ca. 1 ps,
whereas the characteristic time of the overlapping of diffusion zones of neighbouring 35 um-long
pores is six orders longer, i.e. approximately 1 s. Thus, the Scharifker-Hills model of nucleation cannot
explain the current maximum in Fig. 2 (more roughly, it cannot be applied in case of 1D diffusion,
which dominates in the pores at not too low time). One cannot exclude that kinetically-controlled
nucleation models [36] may work. Actually, for steady-state nanowires growth rate to be ca. 2 nm/s
(as estimated from the current in Fig. 2), single 3D nucleus approaches the pore walls in ca. 17.5 s.

However, the observed dependence on solution convection does not allow to consider purely kinetic
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Figure 2. Current-time transients registered during two successive gold electrodepositions in the
pores of one and the same 35 um-thick AAO template (p = 40%). The electrodepositions were
carried out under intensive stirring at the potential of —1 V vs saturated Ag/AgCl reference
electrode from 0.05 M [Au(CN)]* in citric buffer solution (pH = 6). Second deposition was
started after five minutes-long pause under open circuit. Estimated length of the nanowires at
various times is indicated. The inset is a cross-sectional SEM image of the resulting Au/AAO
nanocomposite.
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Figure 3. TEM image of a cross-section lamella of Au/AAO nanocomposite (a) and corresponding
energy dispersive X-ray spectroscopy map of Au distribution (b).

mode. In what follows we consider various possible reasons of nonmonotonic current transients
observed for Au templated electrodeposition with account for morphological features.

To start this analysis, the bottom part of the nanowires was imaged. TEM image of a cross-
section lamella prepared using focused ion beam is presented in Figure 3. The voids in the bottom part
of nanowires are clearly seen. The estimated deposition charge, with account for current efficiency,
demonstrates that the voids are formed just in the region corresponding to the maximum at current
transient. Thus, the following preliminary hypothesis can be formulated. The metal starts to grow in
the form of nanotubes, resulting from the partial sputtering of the material of current collector onto
the pore walls: nucleation and growth at these sputtered fragments results in preferential metal
deposition along the pore walls, inducing the increase in gold surface area and deposition current.
Under diffusion or mixed mode, the upper parts of the nanotube walls thicken faster due to the better
accessibility for [Au(CN)z] reagent as compared to bottom part of the pores. Correspondingly, tube
internal diameter narrows in its upper part, even stronger aggravating accessibility difference and
decreasing the surface available for deposition, so the current starts to decrease. At a certain point the
walls of the nanotubes merge, and the deposit real surface area reaches a steady value close to the area
of the pore cross-section. The subsequent (second) deposition starts at already established surface, and
the changes of current appear to be minimal (see blue curve in Fig. 2).

Alternatively, the current maximum could also be explained by considering the progressive

activation of the pores. Within this assumption, the surface area grows due to an increase in the density
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SEM studies.
of “active” pores, while, conversely, it diminishes due to a gradual transition from nanotubes to
nanowires. A specific combination of these opposing processes parameters could potentially lead to
the occurrence of the current maximum.

To trace accumulation of gold in the bottom part of nanostructures, a series of samples was
fabricated with various electrodeposition durations to analyse the evolution of gold morphology. The
SEM images of the bottom surface of the samples after the removal of the current collector in Ar*
plasma are presented in Figure 4. It is well-seen that gold initially grows in the form of nanotubes.
The thickness of the nanotube walls slightly differs for various pores of each sample (each deposition
time). However, all the pores seen in one image (about a hundred) are active, and for almost all the
pores the continuous nanotube walls form after 10 s. One can assume that the number of inactive pores
(if any) does not exceed 1%, so the effect of pores ‘activation’ can hardly play an essential role. The
thicknesses of the nanotube walls after 20 s (which is close to the time of current maximum in Fig. 2)
and after much longer deposition (1300 s) are similar, which means that after 20 s metal growth does
not affect the walls of nanotubes.

The length of the nanowires corresponding to current maximum, as estimated from the

deposition charge and total length of the nanowires (see inset in Fig. 2), is ca. twice the diameter of
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the pores (Fig. 2), which agrees well with TEM observations (Fig. 3). Therefore, it can be assumed
that almost all the nanowires are already formed by the 20" second, and the transport of metal-
containing ions to the nanotube bottoms is not possible any more. Thus, the real surface area of the
deposited metal should be close to a steady state value.

Taking into account SEM observations, one can make the following conclusions:

)] the current increase is not related to progressive activation of pores; simultaneous

activation of the pores occurs at least within a time scale of few seconds (Figure 4b);

i) the current decrease cannot be attributed to the graduate transition from the nanotubes

to nanorods (Figure 4e).

At the same time, the hypothesis attributing the current maximum to the change in the metal
surface area and redistribution of diffusion fluxes agrees well with microscopy data and coulometric
estimates. To verify this hypothesis independently, we report below the results of simulations for the
metal growth under various mixed modes and for various height of the sputtered metal inside the
pores. We do not pretend to complete quantitative agreement with experiment, as the real morphology
of gold sputtered inside the pore remains unknown, and just this morphology plays a crucial role in
the kinetics of tube formation. The goal of simulations is to understand the conditions required to
make diffusion limitations near the pore bottoms responsible for transition from nanotube to nanowire
growth, and to compare with our experimental conditions.

For numerical simulation of the morphology changes in the course of templated
electrodeposition the COMSOL Multiphysics package was used. Simulations demonstrate that if the
height of the current collector layer on the pore walls equals to the pore diameter, the formation of the
nanotubes is possible strictly in the diffusion limiting regime of electrodeposition (Fig. 5a). The voids
will not appear if the currents are lower than 99% of diffusion limit (Fig. 5b). A morphology of the
bottom part of the nanostructures being close to the experimental observations can be expected if the
sputtering depth is higher than several pore diameters (Fig. 5¢). Although it is feasible considering the
magnetron sputtering method, even for sputtering depth of 4dp, the current should be more than 90%
of the limiting diffusion current (Figs. 5c,d). With account for the current efficiency of 49.3%, the
experimentally observed steady-state current equals to only 12% of the limiting diffusion current (—2.8
mA/cm?, as calculated using Eq. 2 for 35 um thick AAO sample with 40% porosity). Basically, current
value could be significantly higher at initial stage due to large real surface area resulting in higher
Kinetic contribution.

Model simulations demonstrate a principal possibility of voids formation in the course of
electrodeposition for the system with a large aspect ratio of the conducting section sputtered during
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Figure 5. Numerical simulation of the metal morphology evolution during initial period of
templated electrodeposition for the sputtering depth is equal to one (a,b) and four (c,d) pore
diameters. The ratios of deposition current to the limiting diffusion current are given for each panel.
Pore volume is blue, Au metal is red (for t = 0, a thin red layer is sputtered gold).

current collector fabrication or under conditions very close to the limiting diffusion current. Both

required conditions do not agree quantitatively with experimental conditions of the observed voids

formation. Moreover, there is an important qualitative contradiction of model prediction and

experimental results.

Actually, in frames of applied model, the simulated current-time transients (Fig.6a) are

monotonic, demonstrating Cottrell-like current decrease due to the relatively small height of the

electroactive part of the pore compared to the effective diffusion length. At least in numerical

simulations operating with idealized shape of the sputtered gold inside the pores, metal growth results
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only in the decrease in the surface area due to the thickening of the nanotube walls (Fig. 6b). This
does not allow to explain the appearance of current maximum in Fig. 2 (red curve) even if one assumes
that the considerable variation of the current may be governed not by gold electrodeposition process,
but by the side reaction of hydrogen generation (kinetically limited). Hence, we cannot abandon the
assumption of the increase of the real surface area. This increase can be independently associated with
the growth of electrodeposited metal on dispersed sputtered gold. According to microscopic data
reported in Ref. [25], grain growth of gold inside the pores takes place, and the grains are reducing in
size when located deeper from the template bottom surface. The depth of gold penetration in Ref. [25]
was estimated as 1 pum. Surely some details of grains distribution depend on the sputtering geometry
and mode, as well as on pore diameter. Qualitatively it is expected to be the same in our case: the
amount of sputtered grains is higher near pore bottom, whereas at the upper part of the pore wall small
grains are more rare and (starting from certain heights) mutually isolated. Assuming this
configuration, electrodeposition can start only at coalesced sputtered grains located near the bottom.
In the course of initial growth, electrodeposited metal reaches individual separated gold nanoparticles
at the upper part of the wall, and the real surface available for further nucleation and growth appears.
Similar starting configuration was reported for AAO templates with cell walls decorated by metal

nanoparticles and used earlier for the controlled electrodeposition of long nanotubes [37].
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Figure 6. Numerical simulation of the current transients (a) and change in the surface area (b) during
initial stage of electrodeposition. For (a) the current is normalized to the steady-state limiting
diffusion current, for (b) the surface area is normalized to the surface area initially available for
electrodeposition.
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Figure 7. Bright- (a) and dark-field (b) TEM images of Au nanowires grown in AAO template
and SAED patterns (c-¢) recorded from different areas (indicated by yellow circles) along the
nanowire growth direction.

Our assumption is confirmed by the fact that not only the morphology, but also the
microstructure of the wires undergoes evolution in the course of templated electrodeposition. This
follows from high-resolution and dark-field TEM images of the base part of Au nanowires (Fig. 7 a,
b). This evolution can be understood taking into account that magnetron sputtered material forms

small misoriented particles at the pore walls, assuming oriented growth of low-index crystallographic
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grains typical for the system under study [29]. As a consequence, several nuclei can form in each pore,
leading to the “faceting” of the pores (Fig. 4, deposition time 10 s). Then Au particles grow up and
coalesce with each other, forming the walls of nanotubes and, further, the bottom part of the
nanowires. Thus, in the initial stage, the electrodeposited metal inherits the polycrystalline structure
of the current collector.

Experimental prove of the evolution of Au grain structure along the wire was not only observed
by TEM, but also confirmed by the selected area electron diffraction (SAED) patterns. An almost
“powder” diffraction pattern registered near the bottom of the nanowires (Fig. 7c) gradually
transforms to a pattern characteristic for a “coarse-grained” structure (Fig. 7d, e). According to the
darkfield image, the length of the grains can reach several hundred nanometres.

Change in the grain structure of nanowires has been reported for a wide range of metals [38-
41]. In this respect, the templated electrodeposition is similar to the metal deposition onto flat
electrodes. In fact, if the single crystalline nuclei of a new phase are misoriented, their growth rate can
be significantly different due to anisotropy of surface energy. Anisotropy in the growth rate results in
the filtering of growth direction and columnar deposition. In the case of space limitation, the grain of
suitable orientation can occupy the whole pore leading to the growth of single-crystalline nanowires
if probability of secondary nucleation is low enough.

It is worth noting that in our case the nanowires remain polycrystalline even at a considerable
distance from current collector. According to TEM images, certain grains exhibit cross-sectional
dimensions of the same order as the pore diameters and form high-angle boundaries with neighbouring
grains. This does not allow to exclude completely the secondary nucleation under the applied
conditions of electrodeposition on the surface of single-crystalline grains, which is basically possible
not only under purely kinetic, but also under mixed control.

Experimentally observed gradual evolution of the metal microstructure allows one to find the
last piece of the puzzle concerning a long current decrease during templated electrodeposition: it can
result from increase in metal grain size, leading to lower roughness of the nanowires edges and to

corresponding decrease in real surface area of the electrode.

5. Conclusions

Scanning and transmission electron microscopy helped to discover the specific morphological
and microstructural features of gold for various stages of templated electrodeposition from citric
electrolyte containing [Au(CN)z]~ complex anion. First, it was evidenced that metal starts to grow in

the form of nanotubes, which internal diameter is decreasing, and gradually progresses to the columnar
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growth of nanowires. Clearly visible voids near the pore bottoms were observed. Second, the evolution
of metal microstructure with the wire height was found, namely, larger size and more pronounced
preferential orientation of crystals at the upper parts of the wire as compared to misoriented small
crystals electrodeposited closer to the pore bottom. These observations correspond to deposition under
mixed mode, with essential kinetic contribution, and in parallel with hydrogen evolution.

Coulometric estimates allowed to assign the pronounced maximum at current transients just to
metal growth near the bottom, up to the height equal approximately to twice the pore diameter. In this
specific region, the existence of the sputtered gold at the pore walls is unavoidable, as it penetrates to
the pores in the course of current collector fabrication by physical vapour deposition. We considered
possible effects of initial deposition on this sputtered gold.

The hypothesis of current increase with increase in the real surface area in the course of void
formation was imposed to the system under study. Numerical simulations demonstrated that the void
can be formed in case of very high diffusion contribution, and/or in presence of extensive continuous
layer of sputtered gold. This results from faster growth of the upper parts of the nanotube due to the
lower accessibility of [Au(CN)z]™ anions to the bottom of the pores.

However current behaviour under these conditions appears to be monotonic, in evident
disagreement with experimental observations. This contradiction can be eliminated under assumption
of discontinuous layer of sputtered gold grains, which surface is subsequently involved into
electrodeposition of metal when the grains located near the bottom are growing and coalesce with
small sputtered islands, initially isolated. The proposed assumption agrees qualitatively with the
literature data on sputtered gold distribution inside the pores, and allows to explain the observed
microstructure evolution. From “nanotechnological” point of view, the results are important to
monitor nanowires growth. The appearance of the current maximum as a signature of voids formation,
in combination with usual coulometric monitoring, is of special importance for controllable growth
of short nanowires for, to say, optical/plasmonic applications [42, 43]. We should not hide the fact
that our final hypothesis is inspired by general approach to current transient analysis widely accepted
in electrocrystallization research [36], assuming coalescence/screening as the origin of current
maxima, and the book and reviews of the late Professor Alexander Milchev played very important
role in formulation of our hypotheses. A challenging problem for future is to provide quantitative
description of these phenomena for the case of specific discontinuous distribution of support inside

the nanopores.
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